Processing of Japanese encephalitis (JE) virus nonstructural (NS) proteins expressed by recombinant vaccinia viruses was analysed to characterize the responsible viral protease. Analysis of the processing of polyprotein NS2A-2B-3' containing the N-terminal 322 amino acids of NS3 revealed products consistent with cleavages at the predicted intergenic junctions as well as at one or possibly two sites within NS2A. Cleavage at the alternate site(s) containing the cleavage sequence motif within NS2A could possibly explain the production of the NSI' protein in JE virus-infected cells. Polyprotein NS2A-d2B-3' containing a large deletion within NS2B was cleavage-defective, despite the presence of the proposed NS3 protease domain. Cleavage of NS2A-d2B-3' was restored if NS2B or NS2A-2B was supplied in trans, providing evidence that NS2B is strictly required for NS3 proteolytic activity. NS2B-or NS3-specific sera raised against the bacterial TrpE fusion protein co-precipitated NS2B and NS3 or NS3' from the lysate of JE virus or recombinant virus-infected cells. Thus both protease components are associated as a complex, presumably representing the active JE virus protease. JE virus and the analogous dengue 4 (DEN-4) protease components were employed to examine the activity of heterologous proteases. The defective cleavage of JE virus NS2A-d2B-3' was complemented by heterologous DEN-4 NS2B, whereas the defective cleavage of DEN-4 NS2A-d2B-3' was not corrected by heterologous JE virus NS2B. This suggests that the heterologous JE virus NS2B-DEN-4 NS3 protease is not active, despite the considerable sequence conservation of NS2B and NS3 between the two viruses. The cleavage activity was restored by replacement of the Cterminal 80 amino acids of JE virus NS2B with the corresponding DEN-4 sequence, consistent with the notion that the C-terminal region contains amino acid residues for interaction with DEN-4 NS3.
Processing of Japanese encephalitis (JE) virus nonstructural (NS) proteins expressed by recombinant vaccinia viruses was analysed to characterize the responsible viral protease. Analysis of the processing of polyprotein NS2A-2B-3' containing the N-terminal 322 amino acids of NS3 revealed products consistent with cleavages at the predicted intergenic junctions as well as at one or possibly two sites within NS2A. Cleavage at the alternate site(s) containing the cleavage sequence motif within NS2A could possibly explain the production of the NSI' protein in JE virus-infected cells. Polyprotein NS2A-d2B-3' containing a large deletion within NS2B was cleavage-defective, despite the presence of the proposed NS3 protease domain. Cleavage of NS2A-d2B-3' was restored if NS2B or NS2A-2B was supplied in trans, providing evidence that NS2B is strictly required for NS3 proteolytic activity. NS2B-or NS3-specific sera raised against the bacterial TrpE fusion protein co-precipitated NS2B and NS3 or NS3' from the lysate of JE virus or recombinant virus-infected cells. Thus both protease components are associated as a complex, presumably representing the active JE virus protease. JE virus and the analogous dengue 4 (DEN-4) protease components were employed to examine the activity of heterologous proteases. The defective cleavage of JE virus NS2A-d2B-3' was complemented by heterologous DEN-4 NS2B, whereas the defective cleavage of DEN-4 NS2A-d2B-3' was not corrected by heterologous JE virus NS2B. This suggests that the heterologous JE virus NS2B-DEN-4 NS3 protease is not active, despite the considerable sequence conservation of NS2B and NS3 between the two viruses. The cleavage activity was restored by replacement of the Cterminal 80 amino acids of JE virus NS2B with the corresponding DEN-4 sequence, consistent with the notion that the C-terminal region contains amino acid residues for interaction with DEN-4 NS3.
Introduction
Among some 70 members of the flavivirus genus of the family Flaviviridae, the four dengue viruses (DEN-1 to -4) and Japanese encephalitis (JE) virus probably cause the highest number of human illnesses and death. The World Health Organization has targeted these viruses for intensive research and vaccine development. Flaviviruses contain a ssRNA genome that codes for three structural proteins, envelope (E), membrane (M) and core (C) and seven non-structural (NS) proteins. These are expressed as a polyprotein, in the order NH 2 C PrM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH.
The polyprotein is co-and post-translationally processed to produce the 10 or more viral proteins. The three * Author for correspondence. Fax +1 301 496 8312. e-mail c125r@nih.gov structural proteins are initially cleaved from the polyprotein by a cellular signal peptidase which is associated with the endoplasmic reticulum (Markoff, 1989; Ruiz-Linares et al., 1989) . Processing of most NS proteins is believed to take place in the cytosol. It was initially proposed that the viral protease is NS3 and the protease domain is contained within the N-terminal onethird of its sequence on the basis of sequence homology with serine proteases and molecular modelling (Bazan & Fletterick, 1989; Gorbalenya et al., 1989) . This model was supported by the results of studies on yellow fever (YF) virus, DEN-2, DEN-4 and West Nile virus (Chambers et al., 1991 (Chambers et al., , 1993 Preugschat et at., 1990 Preugschat et at., , 1991 Falgout et al., 1991 Falgout et al., , 1993 Wengler et al., 1991) . In addition to the protease domain of NS3, NS2B is also required for protease activity (Falgout et al., 1991; Preugschat et al., 1990; Chambers et al., 1991) . Since the sequence of the catalytic triad and the substrate-binding pocket is contained within NS3, NS2B may serve as a co-factor to promote or modulate the NS3 protease activity (Falgout et al., 19911) .
The NS3-NS2B viral protease cleaves the polyprotein at intergenic junctions containing a dibasic amino acid sequence motif (Arg-Arg, Lys-Arg or Arg-Lys followed by Ser, Gly, or Ala). The viral protease also cleaves after Gln-Arg at the NS2B-NS3 intergenic junction of dengue viruses and at a site preceding the signal sequence of NS4B (Lin et al., 1993) . Similarities of genome organization and significant sequence conservation of NS2B-NS3 proteases among flaviviruses suggest that these viruses utilize the same mechanism for processing their polyproteins. Dengue virus polyprotein NS4B-NS5 can be cleaved efficiently by a heterologous YF virus NS2B-NS3 protease (Cahour et al., 1992) . Unique processing sites are present in the polyprotein of some flaviviruses and NS protein species novel to these viruses have been found. The 56 kDa NS 1' protein was detected in JE virus-, but not in DEN-4-infected cells (Mason, 1989) . Studies on the processing of JE virus NS proteins should yield information concerning this cleavage product.
We have previously described a 40 amino acid region within DEN-4 NS2B which is critical for promoting the NS3 protease activity (Falgout et al., 1993) . This sequence is highly conserved among the mosquito-borne flaviviruses. However, it remains to be determined whether the conservation of NS2B is an indication of functional interactions with heterologous NS3. In this study, we constructed recombinant vaccinia viruses expressing JE virus NS2B-NS3 protease or its separate NS components to study their functional interactions and processing of the JE virus NS proteins. To elucidate further the mechanism of functional interaction between heterologous NS2B and NS3, DEN-4 recombinants constructed in an earlier study were employed to analyse cleavage of the DEN-4 or JE virus polyprotein by a heterologous NS2B-NS3 protease combination.
Methods
Cells" and viruses, CV-1, LLC-MK2 and TK-cell monolayers were grown in Eagle's MEM supplemented with 10% fetal bovine serum. Vaccinia virus strain WR, used for recombinant virus construction with plasmid pSC11 derivatives, was described previously (Chakrabarti et al., 1985; Zhao et al., 1987) . The nomenclature of recombinant vaccinia viruses followed our previous practice: for example, a virus derived from pSCII-JE.NS2B was named vJE.NS2B. The recombinants vJE.NS2A-2B, vJE.NS2B, vJE.NS2A-2B-3', vJE.NS2A-d2B-Y, vJE/DEN.NS2B and vDEN/JE.NS2B were constructed for this study (Fig. 1) . Recombinant vaccinia virus vSC8, which contained the bacterial lacZ gene insert, was used as a negative control (Chakrabarti et al., 1985) . The recombinant viruses vDEN. NS2B, vDEN .NS2A-2B-3' and vDEN. NS2A-d2B-Y (Fig. 1 ) were previously known as vNS2B, vNS2A-NS2B-(30%)NS3 and vNS2A-dNS2B(20)-(30%)NS3, respectively (Falgout et al., 1991 In each recombinant construct, an initiation codon was placed preceding the coding sequence for the N-terminal amino acid and a stop codon followed the C-terminal amino acid. The nucleotide sequences and encoded N-terminal and C-terminal amino acids of the DEN-4 recombinant constructs were detailed previously (Falgout et al., 1991) . The coordinates of the predicted JE virus or DEN-4 NS proteins, designated according to amino acid positions of the JE virus polyprotein (Sumiyoshi et al., 1987) or DEN-4 polyprotein (Mackow et al., 1987) Plasmid construction. JE virus cDNA fragments were prepared by PCR using the Pa-7/33 eDNA clone derived from JE virus strain SA-14 (Nitayaphan et al., 1990) . PCR DNA fragments were cloned into the pSC 1 l[BgllI] intermediate vector (Falgout et al., 1989) . The structures of the DNA recombinants containing various portions of the JE virus or DEN-4 NS protein genes are shown in Fig. 1 . Fragments of JE.NS2A-2B cDNA (JE virus nt 3534-4607), JE.NS2B cDNA (JE virus nt 4215~4607) and JE.NS2A-2B-3' cDNA (JE virus nt 3534-5573) were generated by PCR using the primer pairs D115 (5' ACTA-GTGGATCCATGTTCAATGGTGAAATGGTTGAC 3') and D112 (5' CAAAACGGATCCTATCTTTTTGTTGTTTTTAAAGTGAG 3'), Dlll (5' CAAACGGATCCATGGGGTGGCCAGCCACTGA-GTTT Y) and Dl12, and Dl18 (5' GGAAAAGGATCCTAGGT-TCCAGGCGGGGTCGCTGT 3') and D115, respectively. The PCR cDNA fragments were cleaved with BamHI and cloned at the BglII site of the pSCII [BglII] vector to obtain pSCll-JE.NS2A-2B, pSCll-JE.NS2B and pSCll-JE.NS2A-2B-3". Plasmid pSCII-JE.NS2A-d2B-Y was made with a cDNA insert created by joining the shared Kpnl site between two PCR DNA products, one derived from the primer pair Dl15 and Dl16 (5' GGCCAAGGTACCTACGATG-GCAAACATCAA Y) and the other from the primer pair D118 and D117 (5' GCCGCCGGTACCCCTTGGGCCATCGTTCCC 3'). The resulting cDNA insert specified a 91 amino acid deletion in NS2B and thus only the N-terminal 19 amino acids and the C-terminal 21 amino acids of NS2B were retained. Plasmid pSCII-JE/DEN.NS2B was constructed by replacing the 0'53 kb Xhol Bglll fragment of pSC11-DEN.NS2B (pSCll nt 6117 to DEN-4 nt 4277) with the BglII and MwI-digested PCR product of the primer pair D373 (5' AAGC-CACAGATCTGTTGCTTTTCCTGACACC 3) plus D127 (5' GG-GGGATGTGCTGCAAGGCG3') and the pSCII-JE.NS2B template. Plasmid pSC1 I-DEN/JE. NS2B was constructed by joining the 0-53 kb Xhol-BglII fragment of pSCI1-DEN.NS2B described above and the 7.74 kb XhoI-BglII fragment of pSC11-JE. NS2B' (JE virus nt 4365 to pSCI 1 nt 6l 17). The JE virus NS2B' DNA insert in the pSCI 1 vector was prepared by PCR using the primer pair D374 (5" GGTGT-CAGGAAAAGCAACAGATCTGTGGCTTGAACGGGCCGCC GACATC 3") and D112, and the pSC11-JE. NS2B template.
Expression of TrpE-JE.NS2B and TrpE-NS3' fusion proteins and preparation of fusion protein-specific sera. PCR-derived JE.NS2B (nt 4215~,607) and JE. NS3' (nt 4608-5573) DNA fragments that code for the full-length NS2B and the N-terminal 322 amino acids of NS3, respectively, were each inserted into the BamHI sites of the pATH3 expression vector (Spindler et al., 1984; Cahour et al., 1992) . Each plasmid construct was used to transform Escherichia eoli strain C600.
Transformants were grown in M9CA medium containing 60 gg/ml ampicillin and induced with 10 lag/ml indoleacrylic acid. Bacteria were pelleted and the fusion protein prepared as described (Cahour et al., 1992) . Preparative quantities of the fusion protein were separated on an SDS-12% polyacrylamide gel and stained with Coomassie blue. The gel strip containing the fusion protein was excised, washed with distilled water and homogenized in PBS emulsified with an equal volume of Freund's complete adjuvant. Three-week-old BALB/c mice were immunized intraperitoneally with 10-20 ~tg of each fusion protein.
Booster immunizations were performed at 2 and 4 weeks following primary immunization, using the fusion protein-gel homogenate emulsified in Freund's incomplete adjuvant. Serum samples were collected 2 weeks after the last inoculation.
Radiolabell#zg and immunoprecipitation. Confluent CV-1 cells were
infected with a recombinant vaccinia virus or control vaccinia virus at a multiplicity of 5 p.f.u./cell. At 16-20 h after infection, the medium was replaced with methionine-free MEM containing 2% fetal calf serum for I h and then with the same medium containing [35S]methionine at 150 gCi/ml (sp. act. 800Ci/mM) for 2h. The labelling medium was removed and the cells were rinsed twice with cold PBS and then lysed in radioimmunoprecipitation assay (RIPA) buffer (1% sodium deoxycholate, 1% Nonidet P40, 0.1% SDS, 0.15 M-NaC1, 0-1 M-Tris-HC1 pH 7.5 and 20 lag/ml PMSF). RIPA was performed using the JE virus NS2B-or NS3-specific sera or JE virus hyperimmune mouse ascitic fluid (HMAF; ATCC). Briefly. an aliquot of the labelled lysate was mixed with antisera or HMAF at 1:25 dilution and the mixture was incubated on ice for 2 h prior to addition of an excess of Pansorbin cells (Calbiochem). After further incubation for 1 h, the immune precipitate was collected by centrifugation and washed twice with RIPA buffer. Immune precipitates were suspended in sample buffer containing 0-13 M-Tris-HCI pH 68, 2% SDS, 20% glycerol, 0"5 % 2-mercaptoethanol, 0"004 % bromophenol blue, and boiled for 5 min before loading onto an SDS-12 % polyacrylamide gel. Gels were treated for fluorography and exposed to X-ray films.
Results

Processing of JE virus NS2A-2B-3" polyprotein by NS2B-NS3 viral protease and identification of potential cleavage sites within NS2A
To identify JE virus NS protein components that constitute the viral protease activity, recombinant vaccinia viruses containing the coding sequence of JE virus NS2A-2B-Y, NS2A-2B, NS2B or NS2A-d2B-Y were constructed (Fig. 1) . Alignment of the NS3 sequences of JE virus with other flaviviruses predicted that the protease domain is contained within the Nterminal 194 amino acids of JE virus NS3. The JE virus NS3 protease sequence in vJE.NS2A-2B-Y and vJE.NS2A-d2B-Y encodes the N-terminal 322 amino acids, designated NSY. Thus, vJE. NS2A-2B-Y encodes both NS2B and the protease domain of NS3, the two putative components of the viral protease. The JE. NS2A-2B-Y polyprotein is expected to have protease activity capable of self-cleavage at the NS2A-NS2B and NS2B-NS3 intergenic junctions to produce NS2A, NS2B and NSY. Although the JE.NS2A-d2B-Y polyprotein contains the NS3 protease domain, it lacks most of NS2B, including the region homologous to the essential domain of DEN-4-NS2B (Falgout et al., 1993) . Therefore, this polyprotein should lack protease activity and remain uncleaved. JE virus proteins produced by recombinant vaccinia virus or JE virus-infected cells are shown in Fig. 2 . Polyprotein NS2A-2B-Y (observed at 66 kDa, predicted at 74 kDa) expressed in the recombinant virus-infected cells (lane 2) was mostly processed, yielding a protein with the predicted mobility of NS3' (35 kDa) and a protein which co-migrated with NS2B at 13 kDa (lane J). We assume these proteins arose from authentic cleavages at the NS2A-NS2B and NS2B-NS3 junctions. Two other specific cleavage products were detected in lane 2 at approximately 52 kDa (band a) and at 17 kDa (band d).
We speculate that band a is NS2A'-2B-3' (predicted at 53 kDa) and band d is NS2A'-2B (predicted at 18 kDa), where both are derived from an internal cleavage of NS2A at the Lys-Lys-Gly sequence 33 amino acids upstream of the NS2A-NS2B intergenic junction or the Lys-Lys-Thr sequence 6 amino acids further upstream. Bands a and d would represent intermediate or aberrant cleavage products of the polyprotein. The full-length NS2A protein of 25 kDa was not detected, presumably because it was internally cleaved or not precipitated by HMAF; NS2A was not detected in JE virus-infected cells either (lane J). Polyprotein NS2A-d2B-3', containing a 91 amino acid deletion in NS2B, was not processed (Fig. 2, lane 4) , yielding only the uncleaved polyprotein at 59 kDa (predicted 64 kDa). Cleavage of polyprotein NS2A-d2B-3' was partially restored when NS2B or NS2A-2B was supplied in trans during co-infection with recombinant vJE.NS2B (lane 4 + 3) or recombinant vJE.NS2A-2B (lane 4+5). The uncleaved polyprotein, cleavage products NS2B and NS3' and the intermediate or aberrant cleavage products b and c were present in recombinant virus-co-infected cells. Based on mobility, band b was tentatively identified as NS2A'-d2B-3' (predicted 43 kDa) and band c as NSd2B-Y (predicted 39 kDa), consistent with cleavage at the NS2A-NS2B intergenic junction and at the internal site of NS2A. Band d was also present in cells co-infected with vJE. NS2A-2B but not with vJE. NS2B, consistent with its derivation by an alternate cleavage within NS2A of the complementing NS2A-2B. Protein bands larger than 97 kDa as well as protein bands smaller than NS2B in lanes 3 and 5 were probably non-specific.
Demonstration that JE virus NS2B and NS3 form a complex
Earlier studies suggested that both the NS2B and NS3 components of the flavivirus protease are associated as a complex (Arias et al., 1993; Chambers et al., 1993) . To provide evidence that JE virus NS2B and NS3 form a stable protease complex, immunoprecipitation studies with NS2B-and NS3-specific sera were carried out. CV-1 cells infected with JE virus or vJE.NS2A-2B-3' were labelled with [~SS]methionine, lysed in RIPA buffer, immunoprecipitated and analysed by PAGE. The results in Fig. 3 (a) showed that the anti-NS2B sera, similar to HMAF, readily precipitated NS2B (13 kDa) as well as NS3 (73 kDa) from the lysate of JE virus-infected cells. The NS2B sera also precipitated several other bands migrating between NS3 and NS2B, including two prominent bands at 58 kDa and 55 kDa, as well as several less prominent bands. The identities of these additional bands were not investigated further. The NS2B sera precipitated the NS2B protein and an intense NS3' band from the lysate of vJE. NS2A-2B-3'-infected cells. The uncleaved JE. NS2A-2B-3' polyprotein as well as bands a and d identified earlier as NS2A'-2B-3' and NS2A'-2B were also precipitated. Similarly, when the anti-NS3 sera were used, co-precipitation of NS2B and NS3 was readily demonstrated from JE virus or recombinant vJE.NS2A-2B-3'-infected cell lysate, although in the latter case, NS2B was only faintly detected. In order to ascertain the specificity of these antisera, radiolabelled lysates of vJE.NS2A-d2B-3'-or vJE.NS2A-2B-infected cells were also prepared for immunoprecipitation. The result (Fig. 3 b) showed that the anti-NS2B sera readily precipitated a 34 kDa band, tentatively identified as the NS2A-2B (predicted 39 kDa) and the anti-NS3 sera detected the 59 kDa NS2A-d2B-3' polyprotein. Little or no cross-immunoprecipitation was observed.
Cleavage of JE virus or DEN-4 polyprotein by heterologous NS2B-NS3 viral protease
The amino acid sequence homology between JE virus and DEN-4 in NS2B is approximately 30 %; in the 190 amino acid NS3 protease domain it is 43%. We investigated the ability of a heterologous JE virus-DEN-4 NS2B-NS3 protease to process DEN-4 or JE virus polyproteins. These studies allowed us to determine the specificity of functional interaction between heterologous NS2B and NS3 components and the amino acid residues in NS2B and NS3 involved in the intermolecular interactions. Recombinants vJE.NS2A-2B-3' and vJE. NS2B and the analogous recombinants vDEN. NS2A-d2B-31 and vDEN. NS2B were used as the source of the polyprotein substrates together with the NS3 protease domain and the complementing NS2B component. CV-1 cells co-infected with vJE. NS2A-d2B-3' and with either vJE.NS2B or vDEN.NS2B were labelled with [3~S]methionine and the infected cell lysate immunoprecipitated with JE virus HMAF (Fig. 4 a, lanes  4+3 and 4+9) . In both cases, JE virus NS3 ' was produced, as were several intermediate or aberrant cleavage products at 43 kDa (band b) and at 39 kDa (band c). This finding indicated that processing of the JE virus polyprotein by the heterologous DEN.NS2B-JE. NS3 protease was similar to that of the homologous JE virus protease.
In a converse experiment, cells were co-infected with vDEN.NS2A-d2B-3' and either vDEN.NS2B or vJE. NS2B to compare processing of the expressed DEN-4 polyprotein by the heterologous JE. NS2B-DEN. NS3 protease with that mediated by the homologous protease (Fig. 4b) . In the presence of homologous DEN.NS2B, the DEN-4 polyprotein was processed to generate the DEN-4 NST product (lane 8 + 9). However, cleavage of the DEN-4 polyprotein did not occur in the presence of JE.NS2B (lane 8+3). Similarly, DEN.NS2A-d2B-3' polyprotein was not cleaved when vJE.NS2A-2B was used for co-infection (data not shown). Thus, JE virus NS2B failed to substitute for DEN-4 NS2B for processing of DEN-4 NS2A-d2B-3' polyprotein.
Heterotogous interactions between DEN-4-JE virus chimeric NS2B and DEN-4 NS3
The failure of JE.NS2B to complement the cleavage defect of heterologous DEN.NS2A-d2B-3' in trans indicated that JE.NS2B lacked the sequences essential for functional interaction with DEN-4 NS3. To identify the portion of the DEN-4 NS2B sequence required for interaction with the DEN-4 NS3 protease domain, two chimeric NS2B constructs were made between JE. NS2B and DEN.NS2B: JE/DEN.NS2B, which contains the N-terminal 51 amino acids of JE.NS2B replacing the analogous sequence in DEN.NS2B, and DEN/JE. NS2B which contains the N-terminal 51 amino acids of DEN.NS2B replacing the counterpart in JE.NS2B. Cleavage of the DEN-4 NS2A-d2B-3' polyprotein by either of these chimeric NS2B constructs in r e c o m b i n a n t virus-co-infected cells was analysed ( 
Discussion
Processing of JE virus N S proteins expressed by r e c o m b i n a n t vaccinia viruses was analysed to characterize the NS2B NS3 viral protease and its cleavage sites in the NS2A-2B-3 p o l y p r o t e i n region. Analysis of products of the recombinant virus expressing JE virus N S 2 A -2 B -3 ' was consistent with cleavages at the predicted N S 2 A -N S 2 B and N S 2 B -N S 3 intergenic junctions, containing the m o t i f o f two basic amino acids followed by a glycine or serine. The proteolytic processing mediated by JE virus NS2B-NS3 protease was similar to that established for processing of other flavivirus polyproteins by analogous enzymes (Chambers et al., 1991 (Chambers et al., , 1993 Preugschat et al., 1990 Preugschat et al., , 1991 Falgout et al., 1991 Falgout et al., , 1993 . The JE virus protease also probably mediates cleavage at one or possibly two alternate site(s) within NS2A. One of these sites is at the Lys-Lys-Gly sequence 33 amino acids upstream of the NS2A-NS2B cleavage junction. Sequence alignment shows a corresponding cleavage site is present in NS2A of many mosquito-borne flaviviruses. JE virus and other members of the West Nile flavivirus subgroup contain another potential cleavage site (Lys-Lys-Thr or Lys-Arg-Ser) located 6 amino acids upstream. Within YF virus NS2A the corresponding Gln-Lys-Thr sequence has been established as a cleavage site in vitro, and in vivo is critical for viral replication, since YF virus mutants containing alterations of this cleavage sequence are not viable (Nestorowicz et al., 1994) . A 62 kDa cleavage intermediate (designated NS 1-NS2A*), consistent in size with cleavage at the Gln-Lys-Thr site, was detected in YF virus-infected cells (Chambers et al., 1990 ). In JE virusinfected cells, a 56 kDa NSI' protein consistent with the size of NS1 (352 amino acids) plus the N-terminal portion of NS2A (184 amino acids, predicted 61 kDa) was produced (Mason, 1989) . If the protein sequence assignment was correct, the size difference between YF virus and JE virus NSI' products could be explained because different gel systems were used. In any event, the detection of NSI' suggests that internal cleavage of NS2A takes place during JE virus infection. In addition, the molecular size of Kunjin virus NS2A is measured at 19 kDa and this value is smaller than 25 kDa predicted for the uncleaved NS2A (Speight et al., 1988) . These findings indicate that NS2A is normally processed at the internal site in many flaviviruses. Especially, in view of the YF virus data, we believe that this internal cleavage is functionally important for JE virus replication.
Studies with DEN-2 or YF virus protease have reported immunological co-precipitation of NS2B and NS3 from lysates prepared under non-denaturing conditions and thus demonstrated stable association between NS2B and the NS3 protease domain (Arias et al., 1993; Chambers et al., 1993) . In the present study, the lysate of JE virus-or recombinant vJE. NS2A-2B-Y-infected cells was prepared in RIPA buffer containing 0" 1% SDS. Coprecipitation of NS2B and NS3 from the lysate using the NS2B-or NS3-specific sera was observed. This finding indicates that both NS protein components of the JE virus protease are stably associated as a complex. Presumably, the NS2B-NS3 complex represents the active JE virus protease. Flavivirus NS3 alone, while containing all major sequence elements of the serine protease, exhibits little protease activity (Falgout et al., 1991) . Possibly the NS3 protease domain alone is not folded properly. Flavivirus NS2B may function to activate the protease activity by assisting the folding of NS3 and maintaining its configuration through the formation of a stable complex. The functional interaction between flavivirus NS2B and NS3 may resemble the interaction between the pro region and the protease domain of some bacterial serine proteases (Ikemura & Inouye, 1988; Zhu et al., 1989) . However, the pro region is cleaved off and does not remain part of the mature protease (Silen & Agard, 1989) .
Studies focusing on sequence requirements for the formation of the NS2B-NS3 complex and the proteolytic activity have provided an insight into the molecular interactions between the two protease components. Deletion analysis using the cis-cleavage system of DEN-4 NS2B-3 polyprotein revealed that a 40 amino acid sequence within NS2B is essential (Falgout et al., 1993) . Analysis of the YF virus protease also identified a short sequence within YF virus NS2B which corresponds to the 40 amino acid DEN-4 NS2B sequence (Chambers et al., 1993) . The DEN-4 NS2B 40 amino acid sequence contains no cysteine residues, indicating that a disulphide bridge is not involved. At least 14 of the 40 residues in DEN-4 NS2B are charged amino acids suggesting that charge-charge interactions may play a role in stabilizing the protease complex.
Chimeric viral proteases composed of DEN-2 and YF virus have been constructed and tested for proteolytic activity. While the YF virus cleavage sites were efficiently processed by the chimeric protease containing the YF virus or DEN-2 NS3 protease domain, DEN-2 substrates were not cleaved by the chimeric protease containing the YF virus NS3 enzyme (Preugschat et al., 1991) . It has been suggested that cleavage requires specific local interactions between substrates and the binding pocket of the enzyme (Preugschat et al., 1991) . Our data indicate that heterologous JE.NS2B-DEN.NS3 is defective or inefficient for cleavage of the DEN-4 polyprotein, whereas DEN. NS2B-JE. NS3 is functionally active. The DEN-4 NS2B-NS3 junction is unique because it contains Gln-Arg instead of a dibasic sequence preceding the cleavage site. Therefore, the defect in JE.NS2B which prevents substitution for DEN. NS2B may be due to the failure to recognize the cleavage sequence. To test this possibility, the NS2B-NS3 junction sequence in DEN-4 NS2A-d2B-3' was altered to contain the Lys-Arg/Gly sequence present in the JE virus NS2B-NS3 junction. This sequence was not cleaved when complemented with JE.NS2B (data not shown). This indicates that the failure of JE. NS2B to substitute for DEN. NS2B is not solely due to the difference at the NS2B-NS3 cleavage site. Replacement of the C-terminal portion of JE. NS2B with the corresponding sequence of DEN. NS2B restored the functional activity to interact with the DEN-4 NS3 protease domain. These data are consistent with those obtained from deletion mapping of DEN-4 NS2B in that the 40 amino acid essential sequence is contained within the DEN-4 C-terminal segment of the chimeric NS2B. We have identified two functional heterologous proteases in the form of DEN.NS2B-JE.NS3 and JE/DEN. NS2B-DEN. NS3. It would be interesting to incorporate these constructs into the DEN-4 or JE virus genetic background to obtain the respective infectious progeny virus. Such chimeric viruses may prove valuable for studies of polyprotein processing and replicative capacity in cultured cells, animals or insect hosts.
